Controlling the microscale environment in three-dimensional (3D) matrices for tissue engineering applications is a challenging but necessary goal. In this work, the effect of discrete microscale structures (microrods) on cell proliferation was assessed in 3D gels. Microrods were fabricated out of SU-8 with dimensions of 100Â15Â15 lm (LÂHÂW) and incorporated into Matrigel seeded with fibroblasts. The 3D microrod-Matrigel composite system inhibited proliferation of both primary and cell-line fibroblasts compared to cells seeded in Matrigel alone. To rule out bulk mechanical effects, the bulk shear modulus (G 0 ) and loss modulus (G@) were assessed between 0.1 and 5 Hz for both Matrigel and microrod-Matrigel composites. The incorporation of microrods did not change the bulk stiffness of the gel. Moreover, it was determined that the chemistry of the microrod material itself did not inhibit cell proliferation. Therefore, results indicate that the presence of suspended microscale structures in three dimensions can regulate cell proliferation in a dose-dependent manner. This system provides a biocompatible, long-term way to modulate cell growth in 3D cultures and is amenable to in vivo applications.
INTRODUCTION C
ELLS IN THE BODY RESPOND DYNAMICALLY to their microenvironment. The composition and physical properties of the extracellular matrix (ECM) are known to modulate both cellular fate and function. For example, the controlled interaction of cells with specific ECM architectures is critical to maintaining cell phenotype. It is known that cells respond to changes in mechanical cues such as gel elasticity, porosity, and density. [1] [2] [3] Matching the elasticity of the matrix to a target tissue has shown to cause tissuespecific differentiation of neurons, 4 myoblasts, 5 and stem cells. 6 Biochemical cues such as the presence and density of attachment-enhancing peptides (e.g., RGD) can also be used to control cells and alter growth parameters. 7 Typically, the bulk properties of a matrix are adjusted so that the entire cell population can be modulated. However, such bulk changes may not be appropriate when trying to recreate the complex three-dimensional (3D) patterning, organization, and regional architecture of one or more cell types in an engineered tissue construct. Thus, a much sought after goal in tissue engineering is the fabrication of 3D tissue scaffolds that incorporate both microscale chemical and mechanical domains. Such an approach requires control over matrix architecture in a hierarchical multiscale manner.
The fabrication of controlled complex tissue scaffolds has proven more difficult than production of the homogeneous porous polymer scaffolds conventionally employed in tissue engineering. A technique is needed that can provide discrete mechanical or biological cues to the microenvironment of individual cells in a 3D construct in order to control their growth and differentiation. Two-dimensional (2D) fabrication techniques (e.g., photolithography and soft lithography) are widely used methods for controlling the microenvironment of cells on planar surfaces. The advantages that these microfabrication techniques provide to tissue engineering seem limited to 2D culture surfaces due to the fact that they can only effectively alter feature pattern in the x-y plane of a surface while the z-axis of the features must remain homogeneous in geometry. Nonetheless, these techniques are very useful in creation of cell-scale features that physically guide the cells. [8] [9] [10] [11] With a proper design of the microenvironment, cells can be coaxed into growing and behaving in a more physiologic manner. This has been previously demonstrated with a wide variety of cell types, including primary cardiac fibroblasts and cardiomyocytes, [12] [13] [14] [15] primary hepatocyte cultures, 16, 17 osteoblasts, [18] [19] [20] and smooth muscle cells. [21] [22] [23] The physical patterning of the surface provides spatial control over the cell populations while simultaneously enhancing the biofunctionality.
While 2D culture surfaces play an important role in many areas of research, the importance of culturing cells in a 3D matrix that mimics that of the body's own ECM is becoming more apparent. The ECM is the natural scaffold material in vivo that maintains the 3D tissue architecture, controls cell proliferation, and regulates the processes of cell motility and cell migration. 24, 25 The fabrication of matrices with controlled 3D topographical features has proven to be difficult to produce when compared to homogeneous porous polymer scaffolds that are conventionally used to assess cellular behavior.
We have previously demonstrated how photolithography and soft lithography can be applied to a 3D cell culture to pattern fibroblast through the entire volume of a collagen gel. 26 In this paper we report on a technique to create discrete topographical structures (microrods) that can be suspended in a biopolymer matrix. We demonstrate that the presence of these microstructures in a biopolymer matrix modulates the local microenvironment of the cell and alters cell cytoskeletal architecture and proliferation compared to matrix alone. We also demonstrate an extrusion method for creating an ordered pattern of discrete microstructures in the matrix.
MATERIALS AND METHODS

Microrod fabrication
The microrods were created in SU-8 negative photoresist (Fig. 1 ). Microrods were designed to be approximately 100 mm long with a 15Â15 mm cross section. A 3 inch silicon wafer was first cleaned in piranha solution (3:1; H 2 SO 4 :H 2 O 2 ) for 20 min, then rinsed with deionized water, and baked at 2008C for 2 min on a hot plate to dehydrate the surface. The wafers were rinsed with acetone, methanol, and isopropanol immediately prior to coating. SU-8 2010 (Microchem, Newton, MA) was spun onto the wafer surface to a thickness of 15 mm. After the prebake (2 min at 658C and 4 min at 958C), the wafer was exposed using a Karl Suss MJB3 mask aligner to a 365 nm light source through a transparency mask (5 mW/cm 2 for 1 min). The wafer was then postbaked (1 min at 658C and 1 min at 958C), and developed in SU-8 developer (Microchem) until uncross-linked photoresist was removed. The height of the microrods was determined using a Tencor Alpha Step profilometer. Length and width measurements were made from light microscope images.
Microrods were removed from the wafer using a razor blade and soaked in 70% ethanol for 1 h to sterilize. Microrods were pelleted in a centrifuge (4500 g for 10 min) and then rinsed with sterile 1Âphosphate-buffered saline (PBS). This rinsing process was repeated thrice. The microrods were finally resuspended in cold serum-free cell culture media containing 1% penicillin/streptomycin solution.
SU-8 2D film fabrication
Two-dimensional SU-8 films were used to determine the biocompatibility of SU-8, independent of surface topography, on fibroblast proliferation rate. The processing of the wafer was exactly the same as with the fabrication of the microrods; however, no photomask was used, and the entire surface was exposed to UV light. This created an unpatterned 15-mm-thick SU-8 film on the silicon wafer. The wafer was then diced into 1 cm 2 pieces.
Microrod-Matrigel composite matrix
Matrigel was used for suspending cells and microrods. Matrigel simulates a natural 3D ECM environment. Matrigel is a commercially available, solubilized basement membrane extracted from EHS mouse sarcoma 27 that is rich in ECM proteins and provides a natural ECM environment that supports cell growth. 28 Dilute Matrigel (BD Biosciences, San Jose, CA) was made in the following manner. A sterile vial for mixing of reagents was placed on ice. Matrigel stock solution that had been stored at 48C was placed in the vial. To this was added enough microrod solution, cell suspension, and cold serum-free media so that the final concentration of Matrigel was either 4.0 or 3.37 mg/mL, and contained 78,000 cells/mL and either 7800 or 780 microrods/mL (a 10:1 and 100:1 ratio of cells to microrods). Controls were created by replacing the microrod solution with serum-free media. This solution was then mixed gently by pipetting it up and down several times. The vials were placed into an incubator at 378C for 10 min to partially set the gel. The gels were mixed once more to prevent settling of microrods. Three-dimensional gels were made by placing 64 mL of this solution into individual wells of a 96-well plate, resulting in a 2-mm-thick gel. Plates were placed in an incubator at 378C for 30 min to allow the gels to set. Each gel was then covered with 5.4 mm of media and incubated at 378C (5% carbon dioxide atmosphere). Media were changed daily. Each 64 mL gel contained approximately 5000 cells and either 50 or 500 microrods. Volume fraction of microrods in the gel was determined using the measured (see ''Results'' section), not designed, dimensions of the microrods.
Rheology of gels
The addition of microrods to the Matrigel results in a short-fiber composite matrix. The dynamic shear modulus (G 0 ) and loss modulus (G@) of gels containing microrods at 0, 50, and 500 rods per 64 mL gel (volume fraction of the microrods in gels: 0, 0.00003, and 0.0003, respectively) were assessed between 0.1 and 5 Hz using a parallel plate rheometer with a gap of 1 mm between plates and a force of 0.1 N (n ¼ 10). Testing was done on both concentrations of Matrigel.
Alignment of microrods in gels
Matrigel solution containing microrods at 7800 or 78,000 microrods/mL was pulled into a 1 cc syringe with a 22-gauge needle (inner diameter of 0.41 mm). Extrusion was done by drawing the tip of the needle across a glass microscope slide and applying pressure to the syringe plunger. The tip was drawn at approximately 5 cm/s for a length of 15 cm. Microrods were visualized under a light microscope, and their angle of the main axis of extrusion was determined using automated software. Extrudates were compared to microrods in a gel that was dropped from the tip of the 22-gauge syringe.
Primary fibroblast culture
Primary neonatal rat ventricular fibroblasts (NRVFs) were isolated as described previously. 12 Primary NRVFs were cultured in a 75 cm 2 tissue culture flask using a growth medium of Dulbecco's minimum essential medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and antimycotic/antibiotic solution. Media were changed every 2-3 days until confluence of NRVFs, approximately 1 week after initial plating. Cells were passaged once by detaching from the flask in 0.25% trypsin in DMEM with EDTA and replated until they were near confluence again (2-3 days). NRVFs were detached, centrifuged at 3000 rpm for 6 min, and then resuspended in cold serum-free DMEM containing the antimycotic/antibiotic solution.
Fibroblast cell line culture
For this study, IMR-90 human lung fibroblasts (ATCC, Manassas, VA) were used. IMR-90 cells are a myofibroblast (fibroblasts with smooth muscle-like properties 29 ) cell line that is commercially available, and so are a convenient source of fibroblasts for culture. Cells were grown in a 75 cm 2 tissue culture flask using a growth medium of Eagle's minimum essential medium (EMEM) (ATCC) supplemented with 10% FBS and 1% penicillin/streptomycin solution. Media were changed every 3-4 days. When ready for use, the cells were detached from the flask with 0.25% MICROSTRUCTURES AND CELL PROLIFERATION trypsin/EDTA, diluted in serum-free EMEM at 3:1 of the trypsin volume, centrifuged at 2000 rpm for 2 min, and then resuspended in cold serum-free EMEM containing 1% penicillin/streptomycin solution. Cells were used between population doubling levels of 27-33.
Proliferation of fibroblasts on SU-8 2D films
SU-8 films coated on 1 cm 2 pieces of silicon wafer were placed in 24-well plates. Cells were added to the wells at a concentration of 18,500 cells/cm 2 (n ¼ 3). Proliferation was assessed at 2 and 5 days after initial seeding using WST-1 (Roche Applied Sciences, Indianapolis, IN). Proliferation was assessed at 2 and 5 days after initial seeding using WST-1 (Roche Applied Sciences). The stable tetrazolium salt WST-1 is cleaved to a soluble formazan by a complex cellular mechanism that occurs primarily at the cell surface. This bioreduction is largely dependent on the glycolytic production of NAD(P)H by mitochondrial-succinate-tetrazoliumreductase system in viable cells. Therefore, the amount of formazan dye formed directly correlates to the number of metabolically active cells. The reduced formalin dye is water soluble and can be read spectrophotometrically. Films were removed from the culture plate wells, placed in clean wells, and covered with 1 mL of media and 10 mL of WST-1. The plates were incubated at 378C for 2 h. After 2 h, the films were removed from the wells and the net absorbance of the remaining solution was taken as 450-630 nm. The proliferation results were compared to that of fibroblasts growing in control 3D Matrigel gels. Absorbance values were normalized to the number of cells present after 24 h of culture.
Proliferation of IMR-90 and NRVF cells in 3D gels
Cellular proliferation was assessed at 2 and 5 days after initial seeding in the gels using the WST-1 assay. An absorption standard curve first was determined for fibroblasts growing in 3D Matrigel gels of the same concentration and thickness as used in the proliferation experiment (data not shown). This allowed for the determination of the linear range of absorption for experimental cell concentrations. Final readings were fit to this curve to determine final cell counts in the gels. Also, the effect on the absorbance, due to the inclusion of microrods, was assessed. The inclusion of microrods at the concentrations used does not significantly increase the absorbance at either wavelength (data not shown). Any changes in absorbance during the proliferation assay, therefore, can be attributed strictly to changes in the number of cells present in the gel.
Cells were initially seeded at a density of 5000 cells per 64 mL gel with both 100:1 and 10:1 cell:microrod ratios. Control gels contained no microrods. On the day of the assay, the media were removed from the wells and were replaced with 100 mL of fresh growth media and 16.4 mL of the WST-1 reagent. The WST-1 volume represents 10% of the total volume: 100 mL of media and 64 mL of the gel scaffold. The plates were wrapped in foil and placed on a shaker plate for 1 min. They were then placed back in the incubator for 4 h. After this time, the absorbance of the wells was read at 450 nm with a baseline of 630 nm using a plate reader. The net absorbance (450-630 nm) was compared to a standard curve to determine the number of cell present (n ¼ 4). For NRVFs, the mean absorbance (450-630 nm for the baseline) of each experimental group was normalized to the mean absorbance of Matrigel alone on each day (n ¼ 4).
Fluorescent staining of the F-actin cytoskeleton and fibroblast nuclei
The F-actin cytoskeleton was fluorescently stained with rhodamine phalloidin. After rinsing with PBS, gels were soaked in 1% Triton-X 100 (Sigma-Aldrich, St. Louis, MO) for 2 min to permeabilize the cells. The Triton-X solution was removed, and the gels were rinsed again using PBS. Gels were covered with a 0.33 mM rhodamine phalloidin (Invitrogen, Carlsbad, CA) solution for 30 min. Gels were rinsed with PBS before imaging. Images were taken by focusing on a plane in the gel with a fluorescent microscope.
Nuclei of IMR-90 cells in composite gels were stained with 10 mM Hoechst 33342 (Invitrogen). Media were removed from the wells, and gels were rinsed with PBS. The gels were then covered with Hoechst dye and placed in the incubator for 30 min. After this time, the dye was removed from gels and they were rinsed again with PBS.
Microscopy
Confocal microscopy was performed to visualize the distribution and organization of microrods in three dimensions. Microscopy was done using an Olympus Fluoview 1000 confocal scanning microscope equipped with Fluoview software. The sample was excited with a 405 nm laser. SU-8 fluoresces blue when excited at 405 nm, making the microrods easy to visualize. Confocal microscopy images were processed using ImageJ software. 30 Scanning electron microscopy (SEM) of microrods on a piece of silicon wafer was performed using a JEOL JSM 6100 Scanning Electron Microscope with an acceleration velocity of 5 kV. Samples were sputter coated with gold to a thickness of 20 nm (Cressington 108 sputter coater).
Fluorescent images were taken using an Olympus BX60 upright microscope. Microrod and IMR-90 images were analyzed using Axiovision software (Release 4.3).
Statistics
Statistical analysis was done using SigmaStat (Systat Software, Point Richmond, CA). Groups were compared using one-way ANOVA. Significance was taken as p < 0.05.
RESULTS
Microrod fabrication and inclusion in gels
The microrods were ellipsoidal in shape ( Fig. 2A) and measured 15.2 AE 0.3 mm high, with a top surface area of 2463.8 AE 42.5 mm 2 . The lengths of the major and minor axes were 120.9 AE 0.7 mm and 26.2 AE 0.2 mm, respectively. The volume of each microrod was 48.2 pL. After mixing the microrods into the Matrigel and allowing it to set, the microrods appear to have a random organization and distribution throughout the gel (Fig. 2B) .
Rheology of gels containing microrods
To ensure that the bulk properties of the gels were not changed by the inclusion of microrods, a parallel plate rheometer was used to examine gels with varying concentrations of microrods. The values of G 0 and G@ at the small volume fractions of microrods used were not significantly different from Matrigel with no microrods (Fig. 3A) . The moduli remain fairly constant up to 5 Hz. The values of G 0 for 4.0 and 3.37 mg/mL gels at 1 Hz were 22.9 and 1.3 Pa, respectively (Fig. 3B) .
Extrusion of microrods in gels
Extrusion of gel through a 22-gauge needle aligned microrods in the direction of extrusion (Fig. 4) . The lower concentration of microrods had a higher level of alignment than the higher concentration. Alignment was highest at the edge of the gel, and less alignment was seen toward the center of the gel. Both concentrations had a higher degree of microrod alignment, however, compared to microrods in a droplet of Matrigel.
Proliferation of IMR-90 fibroblasts on SU-8 films
In order to test the biocompatibility of SU-8, independent of feature geometry and topography, the proliferation rate of IMR-90 fibroblasts on flat SU-8 films was measured over 5 days. Fibroblasts growing on SU-8 films survived and showed a moderate, yet significant, levels of proliferation over a 5-day period (Fig. 5A) .
Proliferation of IMR-90 fibroblasts in 3D gels
For IMR-90 fibroblast proliferation, cell numbers were assessed in gels (4.0 mg/mL) at days 1, 2, and 5 after initial seeding using WST-1 proliferation assay (Fig. 5B) . The absorbance values were compared to a standard curve (data not shown) to obtain absolute cell counts. For all gels, there was an initial lag in the start of proliferation in the first 48 h after seeding. By day 5, however, the cells in the control gels had significantly increased in number. There was a 62.7% increase in cell number between days 2 and 5 in gels containing no microrods. In both of the gels containing microrods, there was no significant increase in fibroblast number over the initial seeding.
IMR-90 cells proliferated in stiffer gels (22.9 Pa) while less stiff gels (1.3 Pa) were required for primary fibroblast (NRVFs) proliferation. However, both cell types behaved similarly such that conditions permitting proliferation could subsequently be reduced by inclusion of microrods. No significant increase in fibroblast numbers was observed over a 5-day period with the addition of microrods at as little as 1% of the cell population. In contrast, fibroblasts proliferated normally in control gels containing no microfabricated structures.
Proliferation of NRVFs in 3D gels
The fractional increase in absorbance of WST-1 above baseline for Matrigel alone was used to assess NRVF proliferation as a function of Matrigel concentration and cell:microrod ratio per well (Fig. 5C ). NRVF proliferation is significantly ( p < 0.05) reduced in lower concentration gels (3.37 mg/mL, 1.3 Pa) containing a ratio of cells to microrods of both 100:1 and 10:1. In the stiffer Matrigel (4.0 mg/mL, 22.9 Pa) without microrods, NRVF proliferation was insignificant over the period investigated.
Cell-microrod interactions
Cells growing in the matrix readily attach to microrods (Fig. 6) . Cells appear viable when attached to the microrods. No rounded cells in the vicinity of microrods were observed that might indicate apoptosis. The attached fibroblasts have 
Fluorescent staining of the F-actin cytoskeleton and nuclei
Cells growing in control gels take on the classic dendritic morphology of fibroblast growing in gels of low stiffness where they cannot maintain tension (Fig. 7A) . 31 When a cell bridges several microrods, the fibroblasts take on a more spread morphology and lack dendritic processes. The cells appear more like cells do on flat surfaces such as a Petri dish. The stress fibers can be seen spanning the network of rods (Fig. 7B) .
Nuclear staining with Hoechst 33342 shows that attachment to the microrod causes the nucleus of the cell to distort in shape (Fig. 7C) . For cells attached to microrods, nuclear positioning was shifted toward the microstructure and nuclear shape was distorted to conform to the microrod surface. Nuclei of attached cells also appear larger than those of unattached cells. These observations are similar to what has been observed in micropatterned 2D structures. 12 
DISCUSSION
In this study, it has been shown that microfabricated structures can be used to influence the growth of cells in a 3D matrix. Specifically, the addition of microrods into a 3D biological matrix retards fibroblast (IMR-90 cell line and NRVFs) proliferation. While the two types of fibroblasts studied required different concentrations of Matrigel in order to proliferate under control conditions (in the presence of no microrods), both cell types halted proliferation in the presence of microrods. It is possible that since the IMR-90 cell line is a more mature fibroblast than the NRVFs, and from a different tissue in the body, it requires a stiffer matrix to proliferate appropriately.
To test whether the slowing of proliferation observed in the gels was due to a physical interaction with the microstructure geometry or material-cell chemotoxic interactions, cells were grown on flat films of SU-8 where any proliferation changes would be independent of topology. A control is needed to separate the chemical effect from the topological effect of cell-SU-8 interactions. SU-8 has been shown to be biocompatible, and HeLa cells display a spread morphology similar to cells grown in tissue culture flasks. 32, 33 Cells growing on SU-8 do have a slower generation time than cells growing on cell-friendly surfaces such as tissue culture plastic, however. 32 In this study, we observed that fibroblasts growing on 2D SU-8 films were viable and showed a significant, yet moderate, level of proliferation over a 5-day period. A similar moderate level of proliferation was observed in control Matrigel gels that contained no microrods. Cells that attached to microrods displayed a normal elongated morphology, and no apoptotic cells were observed. It was also observed that the bulk shear modulus did not change with the addition of microrods to the gel, and thus was not the factor that influenced proliferation. Therefore, while the exact mechanism that inhibits proliferation at this time is not clear, the modulation of proliferative activity appears to be directly related to the presence of microstructures in the gel and the interaction of cells with these microstructures. Further studies to determine the cause of this change will need to be carried out. We are currently examining the effect of altering surface chemistry and bulk composition of the microrod.
Numerous studies have shown that cells will change their proliferation and migration rate as well as their differentiation state due to changes in stiffness of the supporting matrix. [4] [5] [6] 34, 35 While the bulk modulus of the entire gel does not change, the microrod, and possibly the gel immediately local to the microrod, is stiffer than the bulk gel. Therefore, we are able to control the cells only at that point of interaction independent of the bulk gel mechanical properties. This can be beneficial for localized control of certain cells not provide enough interactions over the time studied to show a slowing in proliferation. Only a small number of cells would stop dividing, while the majority of cells continue to divide. It may be that over longer culture times, the microrods, at the ratios studied, would become saturated with attachments leaving any remaining and new cells free to divide; therefore, a steady increase in proliferation beginning at a later time in culture may be observed. Larger numbers of microrods than studied would provide more places for any newly dividing cells to attach, thereby keeping cell numbers low for longer periods.
Other techniques have recently been demonstrated for spatially patterning the internal structure of a gel. Both single-photon and two-photon absorption photolithography allow for changing the local cross-link density and hence the local stiffness and porosity in photosensitive poly(ethylene glycol) (PEG) gels. 36 Electrophoretic placement with subsequent photo-entrapment in PEG gels, 37 and laserguided placement of cells 38 have also been demonstrated for patterning cells with a 3D matrix without the use of internal features. However, these techniques are both expensive and complex. Moreover, Nahmias et al. 38 have shown that the cells fail to maintain long-term pattern integrity without a guiding extracellular force. Light-irradiating techniques are problematic because they require a photoactive gel with good optical clarity, and seeding with cells prior to cross-linking can cause cells to be damaged by the wavelengths and energy levels used. 39 Further, viability issues revolve around the presence of free radicals and use a photoinitiator necessary for cross-linking PEG. 40 The approach applied in this paper allows for the use of a biological matrix providing a more natural environment for the cells. Preseeding the gel with cells in the presence of the microfabricated features is not a problem because harsh chemicals or irradiation is not needed to set the gel. Also, photolithographic patterning of embeddable features allows for high-throughput, parallel fabrication of large numbers of microstructures. Also, SU-8 could be further surface modified through reaction with free epoxy groups on its surface allowing for biochemical as well as mechanical cues to be presented, making this method a powerful technique to alter not only the mechanical but also the biochemical microenvironment. 41 SU-8 is epoxy based; acid-or base-catalyzed nucleophilic addition of a desired compound to the epoxide could be achieved to promote cell adhesion or migration toward the microrods or increase adhesion between the SU-8 phase and the biological gel phase. As well, hydrolysis of the epoxide ring results in glycol groups being presented at the surface, thereby changing the normally hydrophobic SU-8 to hydrophilic and creating modification sites for further surface reactions to be carried out.
The addition of microrods to the 3D gel is equivalent to a short-fiber composite, which can dramatically change the stiffness of the matrix phase. It has been shown that changes in the stiffness of biological matrices can significantly change cell proliferation. 34 The value of G 0 for the 4.0 mg/ mL gel is similar to that reported previously. 42 In contrast, the dynamic shear modulus of SU-8 films has been reported at 1.66 GPa. 43 The microrods, therefore, could provide a discrete zone within the gel that is six orders of magnitude stiffer than the surrounding gel. When the fibroblasts attached to a microrod, they lost the dendritic morphology common to 3D gels and took on morphology closer to that seen on stiffer 2D substrates with stress fibers forming between focal adhesions on the microrods. These changes suggest that local stresses are detected by the cells and alter the cytoskeletal architecture adjacent to the microrod.
Given changes in the extracellular forces encountered by cells, it is likely that mechanotransduction changes will occur. These are known to affect tissue morphogenesis and processes such as assembly and organization of the ECM, cytoskeleton, gene transcription, cell motility, growth, differentiation, apoptosis, and signal transduction. [44] [45] [46] [47] [48] We observed a change of nuclear shape in cells attached to microrods. Change in nuclear shape caused by external application of forces from the ECM to the interior of the cell through the cytoskeleton has also been proposed as a mechanism by which fibroblasts can alter their proliferation. 49 The application of this composite microrod technique to engineered 3D tissues could allow for greater flexibility in modulating cells within a matrix. The inclusions provide functional control of the cells that can be decoupled from the bulk mechanics of the gel. Being able to control the 
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proliferation of fibroblasts without the use of chemicals has important implications in tissue engineering. For example, in applications such as cartilage engineering, the high concentration of matrix required to match the mechanical properties of native cartilage is prohibitive to fibroblast matrix production. 50 However, lowering the concentration of the matrix to a point where the fibroblasts function as desired makes the construct too mechanically weak for in vivo use. For engineering myocardium, strict control of the migration and proliferative rate of fibroblasts in culture is necessary to limit fibrosis. Boateng et al. showed that 10-mm-high posts on a 2D surface can limit primary cardiac fibroblast proliferation in vitro, 12 where only those cells that were attached stopped migrating and proliferating while unattached cells continued to migrate and proliferate on the surface normally. We have demonstrated a similar ability to selectively sequester single cells in the 3D culture and limit their proliferative ability. Similar results in both primary and cell-line fibroblasts suggest that this technique will have broad significance for long-term cell culture studies, primary cell studies, and in vivo applications.
The primary method used attained randomly oriented microrods throughout the gel. It is often desirable to create an ordered organization of features in the gel to influence the organization of the cells according to a predetermined pattern. 26 Thus, the microrods can be organized by extruding the Matrigel solution with alignment of microrods highest toward the edge of the gel where stresses are highest during extrusion and lower closer to the center of the gel. Microrods were more highly aligned when incorporated at lower concentrations in gels. Alignment is greatest when lowest concentrations of structures are used under conditions where other variables are constant (e.g., extrusion rate and matrix concentration). 51 Further studies will be needed to determine if cells will organize according to the pattern created with this process.
The ability to control the microenvironment of cells within a 3D matrix may be a powerful tool in controlling tissue growth in vitro. The microrod composite allows for local control over microenvironment in a biopolymer matrix. It is a simple and versatile fabrication method that allows for incorporation into any synthetic or natural matrix. Moreover, such a microrod composite can be readily injected in vivo allowing for future therapeutic potential.
